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Abstract: Owing to their high strength and stiffness, thermal and environmental stability, lower
shrinkage, and water resistance, epoxy resins have been the preferred matrix for the development of
syntactic foams using hollow glass microspheres. Although these foams are exploited in multiple
applications, one of their issues is the possibility of breakage of the glass hollow microspheres during
processing. Here, we present a straightforward and single-step foaming protocol using expandable
polymeric microspheres based on the well-established compression molding process. We demonstrate
the viability of the protocol producing two sets of nanocomposite foams filled with carbon-based
nanoparticles with improved transport properties.
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1. Introduction
Syntactic foams are a type of cellular material composed of pre-formed hollow glass microspheres,
also called microballoons, that are bound together with a matrix [1]. These foams have largely been
prepared using thermoset matrices, particularly epoxy resins (ER), where the hollow microspheres
can easily be accommodated [2]. The outstanding properties of epoxy resins combined with the
lightness of the microspheres are exploited in multiple applications, ranging from packaging materials
for expensive components to core material in sandwich structures and deep-sea submersibles [3].
However, among their different issues is the possibility of breakage of the glass hollow microspheres
during mixing and handling.
An alternative to produce epoxy foams is the use of polymeric expandable microspheres (EMSs) as
foaming agents since they provide better control over the pore morphology [2,4,5]. These microspheres
are made of a thermoplastic polymer shell, around 3–7 µm thick, encapsulating a blowing agent,
usually a saturated hydrocarbon with low boiling point. When heated, the polymeric shell gradually
softens, and the liquid hydrocarbon begins to gasify and expand when the heat is removed, the shell
stiffens and the microsphere remains in its expanded form. Kim and Kim [4] reported the use of these
EMSs as a toughening method concluding it outperformed the usual hollow microspheres. Meanwhile,
Wang et al. [5] proposed a two-step procedure, precuring and foaming, to produce an epoxy foam
reinforced with glass fibers, montmorillonite and silica with these EMSs. They report differences in the
cellular structure as a function of the precuring extent and foaming temperature, with a homogeneous
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distribution of the cells at a high precuring extent and foaming temperature, and small cell size at a
high precuring extent and low foaming temperature.
The advent of nanofillers has brought about a strategy to improve different polymer properties
at low loading fractions [6] and has provided unique opportunities for the reinforcement of fine
structures, such as fibers, thin films and foams. In particular, the use of carbon nanoparticles (CNPs) in
foams has proven not only to increase the mechanical properties, but also to ease processability of
high-performance thermoplastic foams [7] or to impart new functionalities, such as self-extinguishing
grade [8], electrical conductivities, or EMI shielding, among others (see References [9,10] for reviews
in the subject). The use of CNPs in epoxy foams has mostly been studied in syntactic foams with
glass microballoons, whose concentration varies from 20 wt.% to 60 wt.% respect to the resin. Carbon
nanotubes (CNTs) reinforced epoxy foams showed an improvement in compressive modulus by
35%–41% while the strength remained unchanged [11]. Guzman et al. [12] used functionalized
CNTs and various commercially available microballoons to produce syntactic epoxy foams showing
a significant increase in compressive strength and apparent shear strength. Carbon nanofibers
and graphene platelets have also improved the mechanical properties of syntactic foams in tension
mode [13–15] while the compressive modulus and strength were slightly affected [13,15–17]. The use
of CNP has also been explored with epoxy foamed via EMSs. Bao and co-workers have developed
a foaming protocol based on a two-step process followed by a traditional post-cure step of epoxy
resins [18–23]. They have reported lower electrical percolation threshold and higher conductivity than
those of the solid counterpart [18], and improvements in both electromagnetic interference shielding
and sound absorption properties compared to unfilled samples [20–22].
Here, we present a straightforward and single-step process using expandable microspheres based
on the well-established compression molding foaming. We demonstrate the viability of the process
producing two sets of nanocomposite foams filled with carbon-based nanoparticles with improved
transport properties.
2. Materials and Methods
2.1. Materials
Diglycidyl ether of bisphenol-A epoxy resin (product number: 405493), and diethylene triamine
curing agent (D93856) were purchased from Sigma-Aldrich (Darmstadt, Germany). Microspheres
of Expancel (AkzoNobel 930 DU 120) were used as a foaming agent. These spheres consist of a thin
thermoplastic shell filled with a hydrocarbon. According to the material datasheet of the manufacturer,
the used EMSs are composed of an acrylonitrile/methacrylonitrile/methyl methacrylate copolymer,
CAS number 38742-70-0, and two hydrocarbons, 2,2,4-trimethylpentane and isobutane. The average
diameter of the unexpanded microspheres is around 30 µm and increases to a maximum of about
120 µm. Manufacturer information stated an expanding temperature between 122 ◦C and 132 ◦C and a
maximum temperature of use between 191 ◦C and 204 ◦C.
2.2. Synthesis of Carbon Nanoparticles
Aligned multi-walled carbon nanotubes (MWCNTs) were synthesized in-house by a chemical
vapor deposition technique. Briefly, a mixture of 3 wt.% ferrocene in toluene was injected at a rate of
5 mL/h into a hot furnace (760 ◦C) using argon as carrier gas; the nanotubes grew on the inner wall
of a quartz tube and present an oxygen content below 0.7 at. %. Thermally reduced graphene oxide
(TRGO) was also synthesized in-house by the rapid thermal exfoliation/reduction of dried graphite
oxide (GO) at 1000 ◦C under an inert atmosphere. GO was synthesized from natural graphite obtained
from Sigma-Aldrich (universal grade, purum powder ≤ 0.1 mm, 200 mesh, 99.9995%) according to the
Brödie method, which has previously been described by the authors [24]. Briefly, natural graphite and
fuming nitric acid were added to a reaction flask and cooled to 0 ◦C. KClO3 was gradually added and
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the mixture was stirred for 21 h, maintaining the reaction temperature at 0 ◦C. Then, the mixture was
diluted in distilled water and filtered until neutral pH.
2.3. Preparation of ER Foams
First, the nanoparticles were dispersed using a three-roll calender device, EXAKT 80 E (EXAKT 80E,
EXAKT Technologies, Inc. Oklahoma City, OK, USA), following the three-step protocol described in
Table 1.
Table 1. Dispersing protocol.
Protocol Gap 1 (µm) Gap 2 (µm) Speed (rpm) Time (min)
Step 1 120 40 100 10
Step 2 60 20 80 10
Step 3 15 5 80 10
Then, the epoxy/nanofiller dispersion was degassed under vacuum until complete removal of the
occluded air. Epoxy/nanoparticle, the stoichiometric amount of hardener and 7 wt.% of Expancel with
respect to the resin were mechanically stirred at low rpm until a homogeneous blend was achieved.
Then, the mixture was poured inside a square metallic mold (10 × 10 × 1.5 cm3) and placed in a hot
press at 100 ◦C and 60 bars for 3 min and, subsequently, cooled down to room temperature maintaining
the pressure. Three different EMS concentrations, 7 wt.%, 15 wt.% and 30 wt.% were initially considered
based on the concentrations reported in syntactic foams. However, both 15 wt.% and 30 wt.% did not
provide further density reductions compare to 7 wt.% and were discarded from the study. Foams
were produced with two different densities varying the amount poured into the mold, low-density
(LD) around 250 kg/m3 and high-density (HD) around 800 kg/m3. Finally, the foam was post-cured at
130 ◦C for 90 min. The foams were mechanized and 2 mm of solid skin was cut out from each side
of the foam. The nanofiller concentrations were selected according to the viscosity of the dispersion.
The maximum concentrations were 0.5 wt.% for MWCNTs and 1.5 wt.% for TRGO.
2.4. Characterization
The density of a cubic sample was measured as its weight divided by its volume according to
ASTM D 1622-03. The results were the average of at least three measurements.
The expansion of Expancel was analyzed using differential scanning calorimetry (DSC), Mettler
Toledo 822e DSC. Measurements were carried out from room temperature up to 200 ◦C at a heating
rate of 10 ◦C/min.
The morphology of the foams was determined by scanning electron microscopy (SEM, FEI SA,
Hillsboro, OR, USA). The images were taken with a Philips XL30 ESEM at 25 kV. The samples were
metallized with a 5 nm coating of gold/palladium. The morphology of the CNPs was observed by
scanning (SEM) and transmission electron microscopy (TEM). TEM images were obtained on a Philips
Tecnai 20 TEM apparatus (Field Electron and Ion Company, Hillsboro, OR, USA) using a voltage of
200 kV. SEM analysis was performed on a piece extracted from the walls of the quartz tube without
coating. Meanwhile, the TEM samples were prepared by immersion of the TEM grid in a dilute
solution of nanoparticles in THF and letting the solvent evaporate.
Thermal conductivity was measured by the transient plane source (TPS) technique using a thermal
conductivity analyzer model HDMD (Hot Disk, Göteborg, Sweden). TPS is a standard technique that
measures time-dependent energy dissipation of a sample [25]. It uses a thin disk that acts both as a
temperature sensor and heat source and which is located between two samples of similar characteristics
(area and thickness).
The electrical conductivity of the foam nanocomposites was determined on an ALPHA
high-resolution dielectric analyzer (Novocontrol Technologies GmbH, Hundsangen, Germany) over a
frequency range window of 10−1–107 Hz at room temperature. The foams were held in the dielectric
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cell between two parallel gold-plated electrodes. The amplitude of the applied AC electric signal to the
samples was 1 V.
3. Results and Discussion
Previous works by the authors have already analyzed the effect of the carbon nanoparticles used
in this study in the rheology [26], curing kinetics [27], and transport properties, both thermal and
electrical, of similar thermally cured epoxy resins [26,28,29]. These studies together with the authors’
knowledge on the viscosity hindrance of foaming in reactive systems [24,30–33] enable fixing the
foaming processing temperature and time and the maximum concentration of nanoparticles mentioned
above, respectively.
Several studies by Bao and coworkers [18–23] on epoxy/Expancel systems reported two-step
foaming processes, composed of pre-curing at low temperatures (around 45 ◦C) and foaming (75 to
100 ◦C temperature range), followed by traditional epoxy post-curing. The authors stated their
intention to adopt a single-step process but they encountered thermal degradation of the matrix. Here,
we decided to optimize the one-step process based on a well-established industrially scalable foaming
process, i.e., compression molding. To establish the appropriate foaming temperature, Expancel
microspheres were initially characterized by dynamic DSC (Figure 1). The thermogram revealed the
expansion process of the microspheres in the temperature range from 122 ◦C to 145 ◦C.
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Figure 1. (a) Dynamic DSC thermogram of the expandable microspheres. (b) Fully expanded epoxy
foam (100 ◦C and 3 min).
Hence, an initial foaming trial was done at 125 ◦C. However, the exothermic curing reaction of
the epoxy resin increased the temperature resulting in the eventual degradation of the sample after
only 1 min. Hence, considering the previously studied cure kinetics [27], we decided to lower the
temperature to 100 ◦C. At this temperature, the cure kinetics had been analyzed through rheology
and MQ NMR showing a gel time around 2.7 min and a vitrification time around 4 min, respectively.
Therefore, we fixed the compression molding within this time frame; obtaining the best results at 3 min
(Figure 1b). Once the foaming process is completed, it is key to reduce the temperature of the mold
below the Tg of the EMSs to fix the cellular structure, and also to avoid degradation of the matrix.
The optimization of the foaming process for different hardeners and epoxy monomers should be done
considering the reaction kinetics of the cure.
3.1. Morphology
The morphology of the nanofillers is presented in Figure 2. MWCNTs are aligned and disentangled;
this characteristic would facilitate their dispersion i the epoxy resin. Their length, me sure from
the low magnification image, is approximately 160 µm, with an average diameter of 43.8 ± 12.7 nm,
which r sults in an aspect ratio b ve 3600. Meanwhile, the morphology of the TRGO shows the
characteristic wrinkled structure of the particle due to the thermal exfoliation and reduction to which it
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has been subjected. Full characterization of the TRGO and MWCNT used in this work is described
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The developed foams with the one-step process sho a closed-cell, homogeneous and isotropic
structure (Figure 3). Such closed cellular morphology is the result of the foaming agent, as the shell
of the microspheres will be part of the cell wall. Foams within the same density set present fairly
similar cell morphology and cell size distribution (Figure 4), with average cell size and wall thickness
ranging from 125 ± 5 µm and about 1–2 µm to 56 ± 2 µm and 10–12 µm for low- and high-density
foams, respectively (Table 2). The cellular morphology of previous studies presents either a bimodal
cell size distribution or the presence of extre ely large cells [5,18,20–23], neit er of these two effects
were observed in our samples (Figure 4). We ascribe this homogeneity of t cellular structure to the
single-step foaming process and to the degassing of the CNP mixture.
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ER-LD 130 ± 29 247 ± 3
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Nanoparticles have been reported to act as nucleating points in different nanocomposite foams [9].
Here, we do not observe such an effect since foaming occurs through the expansion of the microspheres
and we removed any occluded air. Individual MWCNTs and TRGO were visibly protruding from
the polymer matrix and were uniformly distributed within both the struts and walls with no obvious
aggregation (Figure 5).
Considering the initial value of the microspheres’ diameter before the expansion (30 µm) and
the value of the cell size, we obtain an expansion factor of approximately 4.3 and 1.5 for low- and
high-density foams, respectively. These expansion factors are related and agree well with the density
reduction, from 1100 kg/m3 to around 250 kg/m3 and 850 kg/m3 for LD and HD, respectively (Table 2).
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LD expansion ratio is slightly higher than those obtained by other authors using EMSs in epoxy
resins [5] which suggest an optimal level of expansion.
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3.2. Thermal Conductivity
The cellular structure of polymer foams gives them very low thermal conductivity, which is a
sought after property for insulating applications. However, some specific applications can require
the transport of heat while maintaining lightweight characteristics. For example, improved thermal
conductivity (λ) in polymer foams can be useful to eliminate temperature gradients and maintain
a uniform temperature in the thermal insulation of the space shuttle [3], in mobile phones, or any
electronic circuit. Therefore, the incorporation of nanofillers with superior thermal conductivity has
been studied as a way to increase the thermal conductivity of foams [24,36].
Heat transfer can occur through three main mechanisms: conduction, convection, and radiation.
However, convection is considered to be negligible in foams with cell size below 4 mm [2], while
radiation has a minor contribution in systems with relative densities above 0.2 [37]. Since the developed
foams satisfy these two requisites, the dominant heat transfer mechanism would be via conduction
in both the solid and gas phases, which depends on the volume fraction of each phase, the cellular
structure and the thermal conductivity of the solid phase. Furthermore, as we mentioned above,
the cellular morphology of the foams is very similar among the samples with the same density.
Therefore, the differences in the thermal conductivity of the nanocomposite foams with the same
density should be ascribed to the presence of the nanofillers.
The developed nanocomposite foams exhibit very low thermal conductivity values, around
0.07 W/m K for LD and 0.25 W/m K for HD. Figure 6 shows the variation of λ with the foam density,
presenting a linear dependence. Hence, in order to eliminate the slight density differences within
the low- and high-density sets, the specific value of the conductivity (λ/ρ) is represented in Figure 7.
Both nanofillers improve the specific thermal conductivity of the foams with TRGO, showing the
largest increase of up to 20% with the addition of 1.5 wt.% of TRGO to HD foams. Such improvements
are lower than those previously reported in solid epoxy systems with values above 30% [28,38].
However, the presence of nanoparticles could act as infrared opacifiers [39] affecting the radiative
contribution of foams and reducing the thermal conductivity enhancements. This opacifier effect could
Polymers 2019, 11, 756 8 of 12
also explain the downward trend with TRGO loading fraction in LD foams, since these foams are right
in the limit where the radiation term starts to contribute to the heat transfer mechanisms [37]. Further
studies are currently underway to elucidate such results.
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3.3. Electrical Conductivity
Among the most sought-after development of nanocomposites filled with carbon-based
nanoparticles has been to impart electrical conductivity to the otherwise insulating polymer matrix.
A large body of research is available on the subject since it could be exploited in a wide range of
applications, from electronics to packaging and aerospace sector. In particular, the development of
electrically conductive foams has also been largely studied as they will additionally provide weight
reduction to the system. Yang et al. [40,41] and soon after Xu et al. [42] reported PS and PU foams with
electrical conductivities of the order of 10−1 S/m with 15 wt.% CNF and 560 kg/m3, and 10−5 S/m with
2 wt.% CNT and 50 kg/m3, respectively. Bao and coworkers have more recently reported conductive
epoxy foams via a two-step foaming process with electrical resistivity in the order of 105 ohm·cm
with 0.5 wt.% CNT and 2 wt.% of EMSs [18], and conductivity in the order of 10−7 S/m with 2 wt.% of
CNT and of EMSs [20]. Meanwhile, studies carried out with hollow glass microballoons have reached
a resistivity of 105 ohm·m with 0.5 vol.% of graphene nanoplat lets d 30 vol.% of holl w glass
microballoons [15].
Figure 8 shows the l ctrical conductivity of t foa s. The conductivity of the neat
epoxy res n shows a linear dependency it cy, aracteristic of a insula ing material.
This behavior i modified by the a dition of conductive nanofillers, where the conductivity
shows a plateau up to a critical frequency. This behavior is commonly described by the percolation
Polymers 2019, 11, 756 9 of 12
theory [43], which states the existence of a concentration, or percolation threshold, where the filler
forms a conductive network. Both concentrations of TRGO (1 wt.% and 1.5 wt.%) and 0.5 wt.% CNT
are above the percolation threshold for the two sets of foam densities, where the 0.5 wt.% MWCNT
sample shows the highest value of electrical conductivity, close to 10−5 S/m. Previous articles by the
authors have also observed differences in the percolation threshold and electrical conductivities of
CNT and TRGO filled solid epoxy resins, which were ascribed to the geometry of the fillers [26,44],
and have later been corroborated by other authors [45].
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Finally, both high and low densities present very similar values of electrical conductivities.
This result is in agreement with Xu et al. that observed fairly constant electrical conductivities for
densities between 200 and 500 kg/m3, where the nanofillers formed a 3D percolated network. They then
reported a conductivity decrease with density and its disappearing at densities below 30 kg/m3 due to
a transition from 3D to 2D percolation network and the decrease in CNT content in the cell walls [42].
4. Conclusions
A one-step foaming process has been optimized using an industri l man facturing process to
produc low and high-density epoxy foams using expandable microspheres. he key assets of he
pr posed protocol are a very short foaming st p follo ed by the cooling of the mold. The developed
f ams present enhanced thermal and electrical conductivities, due to the additio of low loading
fractions of carbon- ased nanoparticles. Her , the addition of 0.5 wt.% of MWCNTs increased the
el ctrical con uctivity in five ord rs of magnitude. W ile the th rmal onductivity was slightly
increased, up to 20%, by the nanopart cles in the low and high-density foams. Transport properties
showed a different tendency with foam density, where the electric l conductivity was almost constant
while the thermal conductivity presented a line d pend ncy with the density.
These expandable foams could widen the range of applications of syntactic foams as they could
be introduced as the core material in the sandwich structures of carbon fiber composites. Additionally,
the electrical conductivity of the nanocomposites could represent an asset in those composites, as it
would provide a higher electrostatic discharge after a lightning strike. Conductive epoxy foams can also
rve as EMI shiel ing barriers in electronics or in devices inside the aircraft, due to their lightweight.
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Funding: The authors gratefully acknowledge the financial support of MINECO, through the
project MAT2016-81138-R.
Conflicts of Interest: The authors declare no conflict of interest.
Polymers 2019, 11, 756 10 of 12
References
1. John, B.; Reghunadhan Nair, C.P. Syntactic foams. In Handbook of Thermoset Plastics; Dodiuk, H.,
Goodman, S.H., Eds.; William Andrew Publishing: Boston, MA, USA, 2014; pp. 511–554.
2. Klempner, D.; Sendijarevi’c, V.; Aseeva, R.M. Handbook of Polymeric Foams and Foam Technology; Hanser
Publishers: Munich, Germany, 2004.
3. Gupta, N.; Zeltmann, S.E.; Shunmugasamy, V.C.; Pinisetty, D. Applications of Polymer Matrix Syntactic
Foams. JOM 2014, 66, 245–254. [CrossRef]
4. Kim, N.H.; Kim, H.S. Toughening method and mechanisms for thermosets. J. Appl. Polym. Sci. 2005, 98,
1663–1667. [CrossRef]
5. Wang, L.; Yang, X.; Zhang, J.; Zhang, C.; He, L. The compressive properties of expandable microspheres/epoxy
foams. Compos. Part B Eng. 2014, 56, 724–732. [CrossRef]
6. Li, Y.; Huang, X.; Zeng, L.; Li, R.; Tian, H.; Fu, X.; Wang, Y.; Zhang, W. A review of the electrical and
mechanical properties of carbon nanofiller-reinforced polymer composites. J. Mater. Sci. 2019, 54, 1036–1076.
[CrossRef]
7. Werner, P.; Verdejo, R.; Wöllecke, F.; Altstädt, V.; Sandler, J.K.W.; Shaffer, M.S.P. Carbon nanofibers allow
foaming of semicrystalline poly(ether ether ketone). Adv. Mater. 2005, 17, 2864–2869. [CrossRef]
8. Verdejo, R.; Barroso-Bujans, F.; Rodriguez-Perez, M.A.; Antonio de Saja, J.; Arroyo, M.; Lopez-Manchado, M.A.
Carbon nanotubes provide self-extinguishing grade to silicone-based foams. J. Mater. Chem. 2008, 18,
3933–3939. [CrossRef]
9. Chen, L.; Rende, D.; Schadler, L.S.; Ozisik, R. Polymer nanocomposite foams. J. Mater. Chem. A 2013, 1,
3837–3850. [CrossRef]
10. Antunes, M.; Velasco, J.I. Multifunctional polymer foams with carbon nanoparticles. Prog. Polym. Sci. 2014,
39, 486–509. [CrossRef]
11. Zegeye, E.F.; Woldesenbet, E. Processing and mechanical characterization of carbon nanotube reinforced
syntactic foams. J. Reinf. Plast. Compos. 2012, 31, 1045–1052. [CrossRef]
12. Guzman, M.E.; Rodriguez, A.J.; Minaie, B.; Violette, M. Processing and properties of syntactic foams
reinforced with carbon nanotubes. J. Appl. Polym. Sci. 2012, 124, 2383–2394. [CrossRef]
13. Dimchev, M.; Caeti, R.; Gupta, N. Effect of carbon nanofibers on tensile and compressive characteristics of
hollow particle filled composites. Mater. Des. 2010, 31, 1332–1337. [CrossRef]
14. Colloca, M.; Gupta, N.; Porfiri, M. Tensile properties of carbon nanofiber reinforced multiscale syntactic
foams. Compos. Part B Eng. 2013, 44, 584–591. [CrossRef]
15. Zegeye, E.; Ghamsari, A.K.; Woldesenbet, E. Mechanical properties of graphene platelets reinforced syntactic
foams. Compos. Part B Eng. 2014, 60, 268–273. [CrossRef]
16. Poveda, R.L.; Dorogokupets, G.; Gupta, N. Carbon nanofiber reinforced syntactic foams: Degradation
mechanism for long term moisture exposure and residual compressive properties. Polym. Degrad. Stab. 2013,
98, 2041–2053. [CrossRef]
17. Poveda, R.; Gupta, N. Carbon-nanofiber-reinforced syntactic foams: compressive properties and strain rate
sensitivity. J. Miner. Met. Mater. Soc. 2014, 66, 66–77. [CrossRef]
18. Xu, Y.; Li, Y.; Bao, J.; Zhou, T.; Zhang, A. Rigid thermosetting epoxy/multi-walled carbon nanotube foams with
enhanced conductivity originated from a flow-induced concentration effect. RSC Adv. 2016, 6, 37710–37720.
[CrossRef]
19. Xu, Y.; Li, Y.; Hua, W.; Zhang, A.; Bao, J. Light-Weight Silver Plating Foam and Carbon Nanotube Hybridized
Epoxy Composite Foams with Exceptional Conductivity and Electromagnetic Shielding Property. ACS Appl.
Mater. Interfaces 2016, 8, 24131–24142. [CrossRef] [PubMed]
20. Pan, J.; Xu, Y.; Bao, J. Epoxy composite foams with excellent electromagnetic interference shielding and
heat-resistance performance. J. Appl. Polym. Sci. 2018, 135, 46013. [CrossRef]
21. Xu, Y.; Li, Y.; Zhang, A.; Bao, J. Epoxy foams with tunable acoustic absorption behavior. Mater. Lett. 2017,
194, 234–237. [CrossRef]
22. Xue, B.; Zhang, J.; Bao, Y. Acoustically and Thermally Insulating Epoxy Foams Prepared by Non-traditional
Expandable Microspheres. Polym. Eng. Sci. 2019, 59, 799–806. [CrossRef]
Polymers 2019, 11, 756 11 of 12
23. Yue, J.; Xu, Y.; Bao, J. Epoxy–carbon black composite foams with tunable electrical conductivity and
mechanical properties: Foaming improves the conductivity. J. Appl. Polym. Sci. 2017, 134, 45071. [CrossRef]
24. Verdejo, R.; Barroso Bujans, F.; Rodriguez Perez, M.; de Saja, J.; Lopez Manchado, M. Functionalized graphene
sheet filled silicone foam nanocomposites. J. Mater. Chem. 2008, 18, 2221–2226. [CrossRef]
25. ISO 22007-2:2015. Determination of Thermal Conductivity and Thermal Diffusivity—Part 2: Transient Plane Heat
Source (Hot Disc) Method; ISO: Geneva, Switzerland, 2015.
26. Martin-Gallego, M.; Bernal, M.M.; Hernandez, M.; Verdejo, R.; Lopez-Manchado, M.A. Comparison of filler
percolation and mechanical properties in graphene and carbon nanotubes filled epoxy nanocomposites.
Eur. Polym. J. 2013, 49, 1347–1353. [CrossRef]
27. Martin-Gallego, M.; González-Jiménez, A.; Verdejo, R.; Lopez-Manchado, M.A.; Valentin, J.L. Epoxy resin
curing reaction studied by proton multiple-quantum NMR. J. Polym. Sci. Part B Polym. Phys. 2015, 53,
1324–1332. [CrossRef]
28. Martin-Gallego, M.; Verdejo, R.; Khayet, M.; de Zarate, J.M.O.; Essalhi, M.; Lopez-Manchado, M.A. Thermal
conductivity of carbon nanotubes and graphene in epoxy nanofluids and nanocomposites. Nanoscale Res. Lett.
2011, 6, 1–10. [CrossRef] [PubMed]
29. Sánchez-Hidalgo, R.; Yuste-Sanchez, V.; Verdejo, R.; Blanco, C.; Lopez-Manchado, M.A.; Menéndez, R.
Main structural features of graphene materials controlling the transport properties of epoxy resin-based
composites. Eur. Polym. J. 2018, 101, 56–65. [CrossRef]
30. Bernal, M.M.; Lopez-Manchado, M.A.; Verdejo, R. In situ foaming evolution of flexible polyurethane foam
nanocomposites. Macromol. Chem. Phys. 2011, 212, 971–979. [CrossRef]
31. Verdejo, R.; Bernal, M.M.; Romasanta, L.; Lopez Manchado, M. Graphene filled polymer nanocomposites.
J. Mater. Chem. 2011, 21, 3301–3310. [CrossRef]
32. Verdejo, R.; Saiz-Arroyo, C.; Carretero-Gonzalez, J.; Barroso-Bujans, F.; Rodriguez-Perez, M.A.;
Lopez-Manchado, M.A. Physical properties of silicone foams filled with carbon nanotubes and functionalized
graphene sheets. Eur. Polym. J. 2008, 44, 2790–2797. [CrossRef]
33. Verdejo, R.; Tapiador, F.J.; Helfen, L.; Bernal, M.M.; Bitinis, N.; Lopez-Manchado, M.A. Fluid dynamics of
evolving foams. Phys. Chem. Chem. Phys. 2009, 11, 10860–10866. [CrossRef]
34. Botas, C.; Álvarez, P.; Blanco, P.; Granda, M.; Blanco, C.; Santamaría, R.; Romasanta, L.J.; Verdejo, R.;
López-Manchado, M.A.; Menéndez, R. Graphene materials with different structures prepared from the same
graphite by the Hummers and Brodie methods. Carbon 2013, 65, 156–164. [CrossRef]
35. Martin Gallego, M. Development of Epoxy Nanocomposites based on Carbon Nanostructures. Ph.D. Thesis,
Universidad Rey Juan Carlos, Móstoles, Spain, 2015.
36. Yan, D.; Xu, L.; Chen, C.; Tang, J.; Ji, X.; Li, Z. Enhanced mechanical and thermal properties of rigid
polyurethane foam composites containing graphene nanosheets and carbon nanotubes. Polym. Int. 2012, 61,
1107–1114. [CrossRef]
37. Solórzano, E.; Rodriguez-Perez, M.A.; Lázaro, J.; de Saja, J.A. Influence of Solid Phase Conductivity
and Cellular Structure on the Heat Transfer Mechanisms of Cellular Materials: Diverse Case Studies.
Adv. Eng. Mater. 2009, 11, 818–824. [CrossRef]
38. Gojny, F.H.; Wichmann, M.H.G.; Fiedler, B.; Kinloch, I.A.; Bauhofer, W.; Windle, A.H.; Karl, S. Evaluation
and identification of electrical and thermal conduction mechanisms in carbon nanotube/epoxy composites.
Polymer 2006, 47, 2036–2045. [CrossRef]
39. Hu, F.; Wu, S.; Sun, Y. Hollow-Structured Materials for Thermal Insulation. Adv. Mater. 2018. [CrossRef]
[PubMed]
40. Yang, Y.; Gupta, M.C.; Dudley, K.L.; Lawrence, R.W. Novel carbon nanotube—Polystyrene foam composites
for electromagnetic interference shielding. Nano Lett. 2005, 5, 2131–2134. [CrossRef]
41. Yang, Y.; Gupta, M.C.; Dudley, K.L.; Lawrence, R.W. Conductive carbon nanofiber-polymer foam structures.
Adv. Mater. 2005, 17, 1999–2003. [CrossRef]
42. Xu, X.B.; Li, Z.M.; Shi, L.; Bian, X.C.; Xiang, Z.D. Ultralight conductive carbon-nanotube-polymer composite.
Small 2007, 3, 408–411. [CrossRef] [PubMed]
43. Chatterjee, S.; Nafezarefi, F.; Tai, N.H.; Schlagenhauf, L.; Nüesch, F.A.; Chu, B.T.T. Size and synergy effects
of nanofiller hybrids including graphene nanoplatelets and carbon nanotubes in mechanical properties of
epoxy composites. Carbon 2012, 50, 5380–5386. [CrossRef]
Polymers 2019, 11, 756 12 of 12
44. Martin-Gallego, M.; Hernández, M.; Lorenzo, V.; Verdejo, R.; Lopez-Manchado, M.A.; Sangermano, M.
Cationic photocured epoxy nanocomposites filled with different carbon fillers. Polymer 2012, 53, 1831–1838.
[CrossRef]
45. Sadeghi, S.; Arjmand, M.; Otero Navas, I.; Zehtab Yazdi, A.; Sundararaj, U. Effect of Nanofiller Geometry on
Network Formation in Polymeric Nanocomposites: Comparison of Rheological and Electrical Properties of
Multiwalled Carbon Nanotube and Graphene Nanoribbon. Macromolecules 2017, 50, 3954–3967. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
